Objective To identify the anatomical motor points of the abductor hallucis muscle in cadavers. Methods Motor nerve branches to the abductor hallucis muscles were examined in eight Korean cadaver feet. The motor point was defined as the site where the intramuscular nerve penetrates the muscle belly. The reference line connects the metatarsal base of the hallux (H) to the medial tubercle of the calcaneus (C). The x coordinate was the horizontal distance from the motor point to the point where the perpendicular line from the navicular tuberosity crossed the reference line. The y coordinate was the perpendicular distance from the motor point to the navicular tuberosity. Results Most of the medial plantar nerves to the abductor hallucis muscles divide into multiple branches before entering the muscles. One, two, and three motor branches were observed in 37.5%, 37.5%, and 25% of the feet, respectively. The ratios of the main motor point from the H with respect to the H-C line were: main motor point, 68.79%±5.69%; second motor point, 73.45%±3.25%. The mean x coordinate value from the main motor point was 0.65±0.49 cm. The mean value of the y coordinate was 1.43±0.35 cm. All of the motor points of the abductor hallucis were consistently found inferior and posterior to the navicular tuberosity. Conclusion This study identified accurate locations of anatomical motor points of the abductor hallucis muscle by means of cadaveric dissection, which can be helpful for electrophysiological studies in order to correctly diagnose the various neuropathies associated with tibial nerve components.
INTRODUCTION
Electrodiagnostic studies are powerful tools to use with patients who have neuromuscular disorders. Since electrophysiological studies are sensitive tests that are susceptible to subtle changes, imprecisely recorded compound muscle action potential (CMAP) can lead to incorrect diagnoses. The tibial motor-nerve conduction to the abductor hallucis muscle is commonly studied in electrophysiology. However, there is still a lack of consensus among the textbooks on where an active electrode (E1) should be placed on the navicular tuberosity in tibial motor conduction studies. All the authors recommended placing E1 below the navicular tuberosity, but some proposed placing it anterior to the navicular tuberosity [1, 2] , and others suggested placing it posterior to the navicular tuberosity [3, 4] . This disagreement might have confused electromyographers.
False motor points can be produced when the recording electrode is placed over sites other than the end-plate zone and are characterized by marked delayed onset latencies due to flattening of the initial segment and phase transition in motor-nerve conduction studies [5] . Reducing false motor points is important for improving the accuracy of motor-nerve conduction studies, because false motor points can lead to misdiagnosis of various peripheral neuropathies defined by the prolongation of distal motor latencies [6] . A few studies have located the motor point of the abductor hallucis muscle, although there has been no consensus about E1 location. This study was conducted to identify the location of the anatomical motor points of the abductor hallucis muscles in terms of the anatomical landmarks.
MATERIALS AND METHODS
Eight feet from four fresh Korean adult cadavers were dissected (3 men and 1 woman, ranging in age from 52 to 79 years). There were no deformed or injured feet, and all limbs were positioned with neutral ankle alignment. The skin and subcutaneous tissues were dissected to expose the medial plantar nerve and abductor hallucis muscle from the tarsal tunnel to the first metatarsal base along the medial aspect of the foot. We carefully removed the subcutaneous tissues and held onto the nerves with just enough tension to avoid injury. Then the branches of the medial plantar nerve were identified and traced to their penetration point into the abductor hallucis muscle. The most distal point, where the motor branch entered the muscle belly, was designated as the anatomical motor point in this study [7] .
For each foot, three bony landmarks were defined as the reference points: the metatarsal base of the hallux (H), the medial tubercle of the calcaneus (C), and the navicular tuberosity (N). The reference line was defined as the line connecting the metatarsal base of the hallux and the medial tubercle of the calcaneus (H-C line). The x coordinate was defined as the horizontal distance from the motor point to the perpendicular line from the navicular tuberosity. The y coordinate was defined as the perpendicular distance from the motor point to the navicular tuberosity ( www.e-arm.org points were measured, and the ratio of the coordinates to the length of the H-C line was calculated. The number of motor points (the number of branches to the muscle) was also counted.
RESULTS
The intramuscular penetrations of the medial plantar nerves were divided into multiple branches before they entered the abductor hallucis muscles in 62.5% (5 of 8) of the feet (Fig. 2) . Two motor branches were observed in 37.5% (3 of 8) of the feet and three motor branches in 25.0% (2 of 8) of the feet. The thickest branch of each medial plantar nerve was designated as the main motor point and the others as the minor motor points. One cadaver showed multiple motor points on both feet, while three cadavers showed multiple motor points on only one foot. The mean length of the H-C line was 15.5±1.00 cm (mean±standard deviation). The main motor point was located at 10.63±0.74 cm, with a ratio of 68.79%±5.69%, from the H point of the H-C line. The second motor point was located at 11.4±0.43 cm, with a ratio of 73.45%±3.25%, from the H point of the H-C line. The mean x coordinate from the main motor point was 0.65±0.49 cm (4.14%±2.25%). The mean y coordinate from the main motor point was 1.43±0.35 cm. All the motor points of the abductor hallucis were consistently found inferior and posterior to the navicular tuberosity (Fig. 3) .
DISCUSSION
This study was designed to identify the anatomical motor points in the abductor hallucis muscle. We found multiple motor points in the abductor hallucis muscle Fig. 2 . Anatomic dissection showed the medial plantar nerve branch entering the abductor hallucis muscle. The anatomical motor point was defined as the most distal point at which the motor branch entered the muscle (arrow).
www.e-arm.org and identified their location by distance and ratio relative to anatomical landmarks. Since the sizes of cadavers' feet might differ with sex and age, absolute distances might not reflect the average well. Therefore, using the ratio to the length of the H-C reference line would improve the accuracy of placing the E1 over the motor point regardless of foot size.
For the tibial nerve, the onset latency of CMAP and the presence of initial negativity are more meaningful than the amplitude of CMAP when determining the innervation zone [8] . The initial positive deflection mainly occurs as the wave of depolarization no longer originates under the motor point, but propagates toward it [1] . As the electrode is placed further away from the end-plate region, the initial positive deflection becomes more obvious and the duration increases [9] . When the initial positive deflection is observed or does not disappear by repositioning the active recording electrode, other factors, such as volume conduction from undesired excitable tissues, anomalous innervation, premotor potential, or a misplaced reference electrode, should be considered [1, [10] [11] [12] . The proximity of several foot-intrinsic muscles and the difference in length of the motor nerves to the intrinsic muscles created the excessive false motor points in a previous tibial motor conduction study [13] . To minimize these errors, it is important to place the E1 on an accurate motor point.
During this study, we identified the exact anatomical locations of the motor points in the abductor hallucis muscles by using landmarks, such as the navicular tuberosity. Interestingly, all the anatomical motor points of the abductor hallucis were consistently found to be inferior and posterior to the navicular tuberosity. As mentioned earlier, many textbooks have suggested various locations for E1 on the abductor halluces. Dumitru et al. [1] and Liveson and Ma [2] proposed placing it anterior and inferior to the navicular tuberosity, while Lee et al. [3] and Pease et al. [4] recommended placing it posterior and inferior to the navicular tuberosity. There were other suggestions about the correct location for the E1 on an abductor hallucis muscle. Del Toro and Park [5] evaluated this matter by using electrophysiological mapping and cadaveric dissection. They recommended placing it at the shortest distance from the medial plantar nerve to the navicular tuberosity, but did not calculate the ratio. In addition, they did not consider the possibility that there may be multiple branches of motor points of the muscles. Our result corresponds well with that of a previous cadaveric study [5] , that the motor point in the abductor hallucis muscle is posterior and inferior to the navicular tuberosity.
The abductor hallucis muscle can have more than one motor point from the medial plantar nerve. None of the previous studies of the abductor hallucis reported this result. However, Del Sol et al. [14] reported that the lateral plantar nerves for the abductor digiti minimi muscle could divide from one into two or three branches, comparable to the results of this study.
The innervation ratio is the ratio of muscle fibers innervated by one axon, and the skeletal muscles in various parts of the body have different numbers of muscle fibers per motor unit, depending on the size of the muscle groups. Small muscles requiring fine motor control have a low innervation ratio, whereas large muscles that perform gross movements have a high innervation ratio [1] . The abductor hallucis muscles need continuous motor control to maintain and control the medial arch of the foot during standing and gait [15, 16] . The multiple motor-nerve branches found to innervate the intrinsic foot muscle in our study might be another example of a low innervation ratio for muscles requiring fine motor control. With multiple motor points, the muscle action potentials evoked from each motor point could produce www.e-arm.org the initial positive deflection or initial segment flattening of CMAP by phase cancellation [17] .
Our study has several limitations. First, only a few feet were dissected, mostly from elderly people. However, since the topographical distribution of motor end-plate zones for adults is similar to the results obtained from children, our results would probably help to locate motor points for younger individuals if our ratio is applied [18] . Second, the anatomical motor point that was defined as the most distal point where the motor branch entered the muscle belly in this study may not reflect the end-plate zone. However, the term 'motor point' is occasionally to mean the location of the terminal portion of the motornerve fibers, or the end-plate zone [7, 19, 20] . Further large-scale and clinical studies are warranted to validate the average coordinates of the motor points.
In conclusion, this study located anatomical motor points in cadavers and found multiple motor points in the abductor hallucis muscle. The results of this study suggest that the ideal location for the motor point is posterior and inferior to the navicular tuberosity. Further large-scale studies for the anatomical localization of motor points may provide useful knowledge for clinical practice that deals with tibial motor-nerve conduction and may help avoid initial positive deflection or erroneous prolongation of CMAP onset latencies, which could cause misdiagnosis of the various neuropathies associated with the tibial nerve component.
